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(57) Abstract: A cardiac rhylhm and function management device configured to automatically adjust stimulation parameters used in 
delivering cardiac resynchronization therapy. Mechanical contraction intervals are measured using appropriately placed accelerom- 
eters and compared with optimum values. The stimulation parameters can then be adjusted accordingly in a manner that moves the 
mechanical contraction intervals toward their optimum values. 
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APPARATUS AND METHOD FOR OPTIMIZING 
CARDIAC PUMPING PERFORMANCE 

PiplH nf the Invention 

This patent application pertains to methods and apparatus for the 
treatment of eardiac disease. Inparticular, it relates to methods and apparatus for 
improving cardiac function with ^synchronization therapy. 

Background 

Implantable devices that provide electrical stimulation to selected 
chambers of the heart have been developed in order to treat a number of cardiac 
disorders. A pacemaker, for example, is a device which paces the heart with 
timed pacing pulses, most commonly for the treatment of bradycardia where the 
ventricular rate is too slow. Atrio-ventricular conduction defects (i.e., AV block) 
and sick sinus syndrome represent the most common causes of bradycardia for 
which permanent pacing may be indicated. If functioning properly, tire 
pacemaker makes up for the heart's inability to pace itself at an appropnate 
rhythm in order to meet metabolic demand by enforcing a minimum heart rate. 
Implantable devtces may also be used to treat cardiac rhythms that are too fast, 
with either anti-tachycardia pacing or the delivery of electrical shocks to 
terminate atrial or ventricular fibrillation. 

Implantable devices have also been developed that affect the manner and 
degree to which the heart chambers contract during a cardiac cycle in order to 
promote the efficient pumping of blood. The heart pumps more effectively when 
the chambers contract in a coordinated manner, a result normally provided by the 
specialized conduction pathways in both the atria nd the ventricles that enable 
the rapid conduction of excitation (i.e., depolarization) throughout the 
30 myocardium. These pathways conduct excitatory impulses from the sino-atrial 
node to the atrial myocardium, to the atrio-ventricular node, and thence to the 
ventricular myocardium to result in a coordinated contraction of both atria and 
both ventricles. This both synchronizes the contractions of the muscle fibers of 
each chamber and synchronizes the contraction of each atrium or ventricle with 
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the contralateral atrium or ventricle. Without the synchronization afforded by 
the normally functioning specialized conduction pathways, the heart's pumping 
efficiency is greatly diminished. Patients who exhibit pathology of these 
conduction pathways, such as bundle branch blocks, can thus suffer 
5 compromised pumping performance. 

Heart failure refers to a clinical syndrome in which an abnormality of 
cardiac function causes a below normal stroke volume that can fall below a level 
adequate to meet the metabolic demand of peripheral tissues. It usually presents 
as congestive heart failure (CHF) due to the accompanying venous and 

10 pulmonary congestion. Heart failure can be due to a variety of etiologies with 
ischemic heart disease being the most common. Some heart failure patients 
suffer from some degree of AV block or are chronotropically deficient such that 
their cardiac output can be improved with conventional bradycardia pacing. 
Such pacing, however, may result in some degree of uncoordination in atrial 

15 and/or ventricular contractions because pacing excitation from a single pacing 
site is spread throughout the myocardium only via the much slower conducting 
muscle fibers of either the atria or the ventricles, and not the specialized 
conduction pathways. Most pacemaker patients can still maintain more than 
adequate cardiac output with artificial pacing, but the diminishment in pumping 

20 efficiency may be significant in a heart failure patient whose cardiac output is 
already compromised. Intraventricular and/or interventricular conduction defects 
are also commonly found in heart failure patients and can contribute to cardiac 
dysfunction by causing unsynchronized contractions during intrinsic beats. 
Other conduction defects can occur in the atria. 

25 In order to treat these problems, implantable cardiac devices have been 

developed that provide appropriately timed electrical stimulation to one or more 
heart chambers in an attempt to improve the coordination of atrial and/or 
ventricular contractions, termed cardiac ^synchronization therapy (CRT). 
Ventricular ^synchronization is useful in treating heart failure because, although 

30 not directly inotropic, resynchronization results in a more coordinated 
contraction of the ventricles with improved pumping efficiency and increased 
cardiac output. Currently, a most common form of CRT applies stimulation 
pulses to both ventricles, either simultaneously or separated by a specified 
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Fig . ! is a system diagram of a pacemaker configured for biventricular 

25 stimulation and sensing. aaeiirpment 
Fig . 2 shows an exemplary placement of accelerometers for measurement 

of mechanical contraction intervals. 

Fig . 3 illustrates an exemplary scheme for adjusting stimulation intervals 
based uponmeasured mechanical contraction intervals. 
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Detailed Description 

Cardiac devices configured for delivering ^synchronization therapy may 
be programmed with a number of different parameter settings that affect the 
patient's cardiac performance. In a biventricular mode, for example, stimulus 
5 pulses may be delivered to the right and left ventricles during a cardiac cycle 
with a specified offset interval between the pulses designed to produce a 
synchronized contraction within the left ventricle and between both ventricles. 
Because of different conduction conditions in the two ventricles, the optimum 
offset interval for producing a synchronized, and hence more efficient, left 
10 ventricular contraction in a given patient may vary. Another parameter that 
affects cardiac performance is the atrio-ventricular interval used in atrial tracking 
modes, which may be employed for ^synchronization as well as conventional 
bradycardia pacing. In an atrial tracking mode, the ventricles are stimulated 
following an atrial intrinsic contraction or atrial pace so that diastolic filling is 
15 augmented prior to ventricular systole. Again, the optimum value for the atrio- 
ventricular interval varies from patient to patient. 

Since die optimum values for the CRT parameters discussed above varies 
not only from patient to patient but may also change over time in an individual 
patient, it would be desirable for a cardiac ^synchronization device to possess a 
20 means of automatically determining those optimum values. One method that 
attempts to do this in atrial tracking modes where the patient has a normal sinus 
rhythm is to adjust the atrio-ventricular interval and/or biventricular offset 
interval to values that result in the slowest intrinsic atrial rate. The body's 
baroreceptor feedback mechanism for regulating heart rate is thus used as a 
25 surrogate measure of cardiac output. This method can only be applied, however, 
in patients with intact pathways for regulating heart rate and only in stimulation 
modes where the atria are not paced. Also, this method may be less effective in 
setting optimal biventricular offset intervals. The present invention, however, 
represents a different approach for optimization of CRT parameters in which 
30 mechanical contractions of individual heart chambers are directly sensed. The 
time intervals between the contractions are measured, and the CRT parameters 
are then adjusted to values that result in desired mechanical contraction intervals. 
Such adjustments may be performed periodically or on a beat-to-beat basis. 

4 
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Illustrated in Fig. 1 is a configuration with one atrial and two ventricular 
sensing/stimulation channels for delivering biventricular ^synchronization 
therapy. The atrial sensing/stimulation channel in Fig. 1 comprises ring 
electrode 43a, tip electrode 43b, sense amplifier 41, pulse generator 42, and an 
5 atrial channel interface 40 which communicates bidirectionally with the 
controller 10. The atrial sensing/stimulation channel can be used to deliver 
biventricular ^synchronization therapy in an atrial tracking mode as well as to 
pace the atria if required. The device also has two ventricular 
sensing/stimulation channels for stimulating the ventricles that include ring 

10 electrodes 23a and 33b, tip electrodes 23b and 33b, sense amplifiers 21 and 31, 
pulse generators 22 and 32, and ventricular channel interfaces 20 and 30. Each 
of the atrial and ventricular channels thus includes a stimulation channel made 
up of the pulse generator connected to the electrode and a sensing channel made 
up of the sense amplifier connected to the electrode. The channel interfaces 

15 include analog-to-digital converters for digitizing sensing signal inputs from the 
sensing amplifiers, registers that can be written to for adjusting the gain and 
threshold values of the sensing amplifiers, and, in the case of the ventricular and 
atrial channel interfaces, registers for controlling the output of stimulus pulses 
and/or changing the stimulus pulse amplitude. For each channel, the same 

20 electrode pair is used for both sensing and stimulation. In this embodiment, 
bipolar leads that include two electrodes are used for outputting a stimulus pulse 
and/or sensing intrinsic activity. Other embodiments may employ a single 
electrode for sensing and stimulation in each channel, known as a unipolar lead. 
A MOS switching network 70 controlled by the microprocessor is used to switch 

25 the electrodes from the input of a sense amplifier to the output of a pulse 
generator. 

The controller 10 controls the overall operation of the device in 

accordance with programmed instructions stored in memory, including 

controlling the delivery of stimulus pulses via the stimulation channels, 

30 interpreting sense signals received from the sensing channels, and implementing 

timers for defining escape intervals and sensory refractory periods. The sensing 

circuitry of the device detects a sense, either an atrial sense or ventricular sense, 

when an electrogram signal (i.e., a voltage sensed by an electrode representing 

6 
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stimulus pulse will be delivered coincident with an intrinsic beat and during the 
heart's vulnerable period which may cause fibrillation. Most pacemakers for 
treating bradycardia today are therefore programmed to operate synchronously in 
a so-called demand mode where sensed cardiac events occurring within a defined 
5 interval either trigger or inhibit a stimulus pulse. Inhibited demand stimulation 
modes utilize escape intervals to control stimulation in accordance with sensed 
intrinsic activity. In an inhibited demand mode, a stimulus pulse is delivered to a 
heart chamber during a cardiac cycle only after expiration of a defined escape 
interval during which no intrinsic beat by the chamber is detected. If an intrinsic 

10 beat occurs during this interval, the heart is thus allowed to "escape" from 
stimulation by the device. Such an escape interval can be defined for each 
stimulated chamber. For example, a ventricular escape interval can be defined 
between ventricular events so as to be restarted with each ventricular sense or 
stimulation. The inverse of this escape interval is the minimum rate at which the 

15 device will allow the ventricles to beat, sometimes referred to as the lower rate 
limit (LRL). 

In atrial tracking modes, another ventricular escape interval is defined 
between atrial and ventricular events, referred to as the atrio-ventricular interval 
(AVI). The atrio-ventricular interval is triggered by an atrial sense or stimulus 

20 and stopped by a ventricular sense or stimulus. A ventricular stimulus pulse is 
delivered upon expiration of the atrio-ventricular interval if no ventricular sense 
occurs before. Atrial-tracking stimulation of the ventricles attempts to maintain 
the atrio-ventricular synchrony that occurs with physiological beats whereby 
atrial contractions augment diastolic filling of the ventricles. The value of the 

25 atrio-ventricular interval for optimal preloading of the ventricles will vary with 
heart rate and in a manner that differs from patient to patient. If a patient has a 
physiologically normal atrial rhythm, atrial-tracking stimulation also allows the 
ventricular stimulation rate to be responsive to the metabolic needs of the body. 
If the atrial rhythm is too slow, the device can be configured to stimulate the atria 

30 on an inhibited demand basis. An atrial escape interval is then defined as the 
maximum time interval in which an atrial sense must be detected after a 
ventricular sense or stimulus before an atrial stimulus will be delivered. When 
atrial inhibited demand stimulation is combined with atrial-tracking stimulation 
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Two factors that influence left ventricular pumping efficiency and stroke 
volume during a cdiac cycle are left ventricular diastolic filling volume and 
^chronizationofcontraction^thin the left ventricle during systole. Increased 
diastolic filling or preloading of the ventricle results in a stronger subsequen 
contraction in accordance with the Frank-Starling principle. A synchronized 
contraction within the left ventricle during systole results in a coordmated 
contraction of the ventricular septum and free wall that generates a greater 
pumping power and efficiency. The biventricular offset interval and the atno- 
ventricular interval discussed above ate thus critical parameters in determuung 
the effectiveness of ^synchronization therapy in improving a patient's cardrac 

0 
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performance. The atrioventricular interval affects the preloading of the 
ventricles by the atria, and the biventricular offset interval determines the degree 
to which the left ventricle contract in a coordinated or synchronized manner. 

Clinical testing of a patient may reveal optimum values for the intervals 
5 between left atrial contraction and left ventricular contraction and between 
contraction of the septal wail and free wall of the left ventricle that maximize 
cardiac performance. For example, a patient may be given ^synchronization 
stimulation with varying CRT parameters (i.e., atrioventricular and biventricular 
offset intervals) while pressures in the left atrium, right ventricle, and aorta are 

10 measured in order to determine when mechanical contractions occur in left 
atrium, right ventricle, and left ventricle, respectively. The corresponding 
mechanical contraction intervals can then be measured while the CRT 
parameters are varied. The mechanical contraction intervals that result in 
maximum cardiac performance, as measured by maximum left ventricular 

15 pressure change and aortic pulse pressure or other means, can then be determined 
along with the corresponding CRT parameters. Those CRT parameters can then 
be programmed into a cardiac device for delivering ventricular ^synchronization 
therapy. 

A device programmed with CRT parameters as just described may not 
20 continue to deliver optimum therapy over time, however, as conduction 
velocities and patterns in the patient's atria and ventricles may change. In order 
to maintain the optimum mechanical contraction intervals, it may therefore be 
necessary to modify the CRT parameters. In accordance with the invention, a 
cardiac device is configured to measure the mechanical contraction intervals with 
25 accelerometers as described above and to automatically adjust the CRT 
parameters accordingly in order to maintain the mechanical contraction intervals 
at their optimum values. The optimum values for the mechanical contraction 
intervals may be determined by clinical testing of the patient or may be estimated 
as nominal values. In either case, an optimum value Tl for the interval between 
30 a left atrial contraction and a left ventricular contraction and an optimum value 
T2 for the interval between a ventricular septal wall contraction and a left 
ventricular free wall contraction are programmed into the device. Either 
periodically or on a beat-to-beat basis, the device measures the mechanical 

10 
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equals a specified value Tl. The device may also use an atrial stimulation 
channel for pacing an atrium with a demand mode, where an atrial stimulus and a 
ventricular stimulus are separated by the atrioventricular interval. 

Fig. 3 illustrates the steps of an exemplary automatic interval adjustment 
5 scheme as could be implemented in the programming of the device controller. 
At step SI, the device is programmed with an optimum value Tl for the interval 
between a left atrial contraction and a left ventricular contraction and an 
optimum value T2 for the interval between a septal wall contraction and a left 
ventricular free wall contraction. At step S2, initial values for the atrio- 

10 ventricular interval AVI and the biventricular offset interval BVI are set. The 
device then delivers biventricular (or left ventricle-only) resynchronization 
therapy in accordance with a programmed mode at step S3. At step S4, the 
mechanical contraction intervals LA-LV and RV-LV are measured using the 
appropriate accelerometer signals, where LA-LV is the interval between a left 

15 atrial contraction and a left ventricular contraction and RV-LV is the interval 
between a septal wall contraction and a left ventricular free wall contraction. 
The subsequent steps then adjust the AVI and BVI values based upon the 
measured LA-LV and RV-LV values, either on a beat-to-beat basis or 
periodically. In the latter case, the LA-LV and RV-LV values may be average 

20 values obtained from a number of cardiac cycles. At step S5, the measured LA- 
LV value is compared with Tl and either increased or decreased as appropriate at 
step S6. Similarly, at step S7, the measured RV-LV value is compared with T2 
and either increased or decreased as appropriate at step S8. The device then 
returns to step S3 and delivers resynchronization therapy with the updated 

25 stimulation intervals AVI and BVI. 

Although the invention has been described in conjunction with the 
foregoing specific embodiments, many alternatives, variations, and modifications 
will be apparent to those of ordinary skill in the art Such alternatives, 
variations, and modifications are intended to fall within the scope of the 

30 following appended claims. 
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I a cardiac device, comprising: 

a first stimulation channel configurable for stimulating the right or left 

ventricle; , h 

a controller for controlling the delivery of stimulus pulses through the 

stimulation channels in accordance with a programmed mode; 

right and left ventricular accelerometers configurable for sensmg 
me chanical contraction of me right ventricular septal wall and left ventricular 
free wall, respectively; and 

wherein the controller is programmed to measure the tune mterval 
between contractions of the right ventricular septal wall and left ventricular free 
wall as sensed by the accelerometers during a cardiac cycle. 

, The device of claim 1 further comprising right and left ventricular 
sensmg channels configurable for sensing electrical activity in the right and left 
ventricles, respectively, and wherein the controller is programmed to stnnula e 
one ventricle at a biventricular offset interval with respect to a sense from the 
contralateral ventricle, and further wherein controller is programme* to adjust 
( the biventricular offset interval until the measured interval between contracts 
of the right ventricular septa, wall and left ventricular free wall approxunately 
equals a specified value T2. 

3 The device of claim 2 further comprising a second stimulation channel 
, 5 configurableforstimula^^ 

respect to either a sense or stimulation of the contralateral ventricle, and further 
wherein controller is programmed to adjust the biventricular offset interval untd 
the measured interval between contractions of the right ventricular septal wall 
30 and left ventricular free wall approximately equals a specified value T2. 
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4. The device of claim 3 wherein the specified value T2 is approximately 
zero, representing simultaneous contraction of the right ventricular septal wall 
and left ventricular free wall. 

5 5. The device of claim 3 wherein the biventricular offset interval may be 
positive, negative, or zero. 

6. The device of claim 3 further comprising: 

an atrial sensing channel configurable for sensing electrical activity in an 

10 atrium; 

a left atrial accelerometer configurable for sensing mechanical 
contraction of the left atrium; and, 

wherein the controller is programmed to measure the time interval 
between contractions of the left atrium and the left ventricle as sensed by the 
15 accelerometers during a cardiac cycle. 

7. The device of claim 6 wherein the controller is programmed to stimulate 
the right or left ventricle in an atrial tracking mode with a specified atrio- 
ventricular interval between an atrial sense and a ventricular stimulus and 

20 wherein the controller is further programmed to adjust the atrioventricular 
interval until the measured time interval between contractions of the left atrium 
and left ventricle approximately equals a specified value Tl . 

8. The device of claim 7 wherein the controller is programmed to stimulate 
25 the right or left ventricle at a biventricular offset interval with respect to the 

stimulation of the contralateral ventricle, and further wherein the controller is 
programmed to adjust the biventricular offset interval until the measured interval 
between contractions of the right ventricular septal wall and left ventricular free 
wall approximately equals a specified value T2. 

30 

9. The device of claim 7 further comprising an atrial stimulation channel 
and wherein the controller is programmed to pace an atrium such that an atrial 
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stimulus and a ventricular stimulus are separated by the specified atrio- 
ventricular interval. 

10. A method for operating a cardiac device, comprising: 
5 delivering stimulus pulses to the right or left ventricle in accordance with 
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ai 

sensing mechanical contraction of the right ventricular septal wall and 

left ventricular free wall; and 

measuring the time interval between contractions of the right ventricular 
10 septal wall and left ventricular free wall during a cardiac cycle. 

1 1. The method of claim 10 further comprising: 

sensing electrical activity in the right and left ventricles; 
stimulating one ventricle at a biventricular offset interval with respect to 
1 5 a sense from the contralateral ventricle; and, 

adjusting the biventricular offset interval until the measured interval 

between contractions of the right ventricular septal wall and left ventricular free 

wall approximately equals a specified value T2. 



12. The method of claim 1 1 further comprising stimulating both ventricles, 
wherein one ventricle is stimulated at the biventricular offset interval with 
respect to either a sense or stimulation of the contralateral ventricle. 

13. The method of claim 1 1 wherein the specified value T2 is approximately 
25 zero, representing simultaneous contraction of the right and left ventricles. 

14. The method of claim 12 wherein the biventricular offset interval may be 
positive, negative, or zero. 

30 15. The method of claim 12 further comprising: 
sensing electrical activity in an atrium; 
sensing mechanical contraction of the left atrium; and, 
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measuring the time interval between contractions of the left atrium and 
the left ventricle as sensed by the accelerometers during a cardiac cycle. 



16. The method of claim 1 5 further comprising: 

5 stimulating the right or left ventricle in an atrial tracking mode with a 

specified atrio-ventricular interval between an atrial sense and a ventricular 
stimulus; and, 

adjusting the atrio-ventricular interval until the measured time interval 
between contractions of the left atrium and left ventricle approximately equals a 
10 specified value Tl. 

1 7. The method of claim 1 6 further comprising: 

stimulating the right or left ventricle at a biventricular offset interval with 
respect to the stimulation of the contralateral ventricle; and, 
15 adjusting the biventricular offset interval until the measured interval 

between contractions of the right ventricular septal wall and left ventricular free 
wall approximately equals a specified value T2. 

1 8. The method of claim 1 6 further comprising pacing an atrium such that an 
20 atrial stimulus and a ventricular stimulus are separated by the specified atrio- 
ventricular interval. 
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